Recent clinical studies have demonstrated that when morphine is used to control pain in cancer patients, psychological dependence is not a major concern. The present study was undertaken to ascertain the modulation of psychological dependence on morphine under a chronic pain-like state in rats. The prototypical m-opioid receptor agonist morphine (8 mg/kg, i.p.) induced a dose-dependent place preference. In the present study, we found that an inflammatory pain-like state following formalin injection significantly suppressed the morphine-induced rewarding effect. This effect was almost reversed by s.c. pretreatment with the k-opioid receptor antagonist norbinaltorphimine (nor-BNI, 5 mg/kg). Furthermore, the morphine-induced increase in dopamine (DA) turnover in the limbic forebrain was significantly inhibited by treatment with formalin. This inhibition was also suppressed by pretreatment with nor-BNI. In addition, in vivo microdialysis studies clearly showed that the morphine-induced increase in the extracellular levels of DA and its metabolites, 3,4-dihydroxyphenylacetic acid and homovanillic acid, in the nucleus accumbens (N.Acc.) was significantly decreased in rats that had been pretreated with formalin. This effect was in turn reversed by the microinjection of a specific dynorphin A antibody into the N.Acc. These findings suggest that the inflammatory pain-like state induced by formalin injection may have caused a sustained activation of the kopioidergic system within the N.Acc., resulting in suppression of the morphine-induced rewarding effect in rats. The present study provides further evidence of the clinical usefulness of morphine in patients suffering from severe pain. Neuropsychopharmacology (2005) 30, 111-118, advance online publication, 14 July 2004; doi:10.1038/sj.npp.1300527
INTRODUCTION
The World Health Organization publication Cancer Pain Relief (WHO, 1996) proposed a method for the relief of cancer pain based on a small number of relatively inexpensive drugs, including morphine. This approach is now used worldwide.
Recent clinical experience has shown that when morphine is used to control pain in cancer patients, psychological dependence is not a major concern (WHO, 1996) . However, undue anxiety about psychological dependence on morphine in cancer patients has caused physicians and patients to use inadequate doses of opioids. Nociceptive stimuli produced physiological changes in the levels of some proteins and neuropeptides in dorsal horn neurons (Dubner and Ruda, 1992; Narita et al, 2000) . We reported previously that morphine failed to induce rewarding effects under a neuropathic pain-like state induced by sciatic nerve ligation in the rat and mouse (Ozaki et al, 2002 (Ozaki et al, , 2003 . Furthermore, this pain-like state leads to a reduction in m-receptor function in the ventral tegmental area (VTA; Ozaki et al, 2002 Ozaki et al, , 2003 , which is the origin of the mesolimbic dopaminergic system and the major neural substrate of the rewarding effect produced by opioids (Koob, 1992; Nestler, 1996; Narita et al, 2001) . These findings suggest that a state of pain could lead to physiological changes in neurotransmission at supraspinal levels, which could be responsible for the decrease in psychological dependence on opioids.
We also reported that morphine failed to induce rewarding effects under an inflammatory pain-like state produced by formalin or carrageenan (Suzuki et al, 1996 (Suzuki et al, , 1999 . However, there is, if any, direct evidence regarding possible changes at the supraspinal level after inflammation. Therefore, the aim of the present study was to investigate the modification of the rewarding effect induced by morphine under an inflammatory pain-like state produced by formalin injection.
EXPERIMENTAL PROCEDURES
The present study was conducted in accordance with the Guiding Principles for the Care and Use of Laboratory Animals, Hoshi University, as adopted by the Committee on Animal Research of Hoshi University, which is accredited by the Ministry of Education, Culture, Sports, Science, and Technology of Japan. Every effort was made to minimize the numbers and suffering of animals used in the following experiments.
Animals
Male Sprague-Dawley rats (200-300 g) were obtained from Tokyo Laboratory Animals Science, Co., Ltd (Tokyo, Japan). The rats were housed at a room temperature of 23711C with a 12 h light-dark cycle (light on 0830-2030 h), and were allowed to adapt to this environment for 1 week before the experiments. Food and water were available ad libitum.
Induction of Inflammation
Formalin (2.5%, 50 ml) or vehicle (saline, 100 ml) was injected into the plantar surface of the right hind paw. Rats treated with formalin were housed individually.
Place Conditioning
Place-conditioning studies were conducted using an apparatus consisting of a shuttle box (width 30 cm Â length 60 cm Â height 30 cm) that was made of an acrylic resin board and divided into two colored compartments of equal size. One compartment was white with a textured floor and the other was black with a smooth floor. Conditioning sessions (two for morphine : two for saline) were started on the first day after formalin and vehicle injection into the rat paw, and conditioning was conducted once daily for 4 days (Suzuki et al, 1996 (Suzuki et al, , 1999 . Immediately after i.p. injection of morphine (2-8 mg/kg), rats were placed in one compartment for 50 min. On alternate days, rats were treated with saline and placed in the other compartment for 50 min. The order of injection (morphine or saline) and compartment was counter-balanced (unbiased) across the subjects. The k-opioid receptor antagonist nor-binaltorphimine (nor-BNI, 5 mg/kg) was administered s.c. 6 h before i.p. treatment with morphine. On day 5, tests of conditioning were performed as follows: the partition separating the two compartments was raised to 12 cm above the floor, a neutral platform was inserted along the seam separating the compartments, and rats that had not been treated with morphine or saline were placed on the platform. The time spent in each compartment during a 900 s session was then recorded automatically with an infrared beam sensor (KN-80, Natsume Seisakusyo Co., Ltd, Tokyo, Japan). CPP scores represent the time spent in the drug (morphine)-paired place minus the time spent in the saline-paired place. All sessions were conducted under conditions of dim illumination (28 lux lamp) and white masking noise. Each group consisted of 8-10 rats.
Quantification of Dopamine Turnover
Using high-performance liquid chromatography with electrochemical detection (HPLC-ECD), the dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA) levels were determined as previously described . Rats that had been pretreated with s.c. injection of nor-BNI (5 mg/kg) or saline were killed 30 min after s.c. injection of saline (1 ml/kg) or morphine (5 mg/ kg). The brain was removed quickly, and the limbic forebrain (containing nucleus accumbens (N.Acc.) and olfactory tubercles) and the striatum were dissected on an ice-cold metal plate. The tissues were homogenized in 500 ml of 0.2 M perchloric acid containing 100 mM EDTA (2 Na) and 100 ng isoproterenol as an internal standard. The homogenates were then centrifuged at 20 000g for 30 min at 41C, and the supernatants were maintained at pH 3.0 using 1 M sodium acetate. Samples were analyzed by HPLC-ECD. The HPLC system consisted of a delivery system (EP-10, Eicom Co., Kyoto, Japan), an analytical column (Eicompac, MA-5ODS, Eicom Co.), and a guard column (Eicom Co.). DA and its metabolites were separated by a column with a mobile phase containing sodium acetate (0.1 M), citric acid monohydrate (0.1 M), sodium 1-octane sulfonate (170 mg/l), EDTA (2 Na) (10 mg/l), and 15% methanol. The mobile phase was delivered at a flow rate of 1.0 ml/min. DA and its metabolites were identified according to the retention times of these standards, and the amounts were quantified by calculating the peak areas. The DA turnover, 'DA ratio', was calculated as (DOPAC þ HVA)/DA.
Surgery
Stereotaxic surgery was performed under sodium pentobarbital (50 mg/kg, s.c.) anesthesia. Rats were placed in a stereotaxic apparatus and the skull was exposed. A small hole was then made using a dental drill. A guide cannula (AG-8, Eicom Co.) was implanted into the N.Acc. (AP: þ 1.5 mm and L: À1.5 mm from the bregma; V: À7.0 mm from the surface of the skull) according to the atlas of Paxinos and Watson (1998) . The guide cannula was fixed to the skull with cranioplastic cement.
Microinjection and In Vivo Microdialysis
At 2-3 days after surgery, the animals were anesthetized with diethyl ether and injected with dynorphin A antibody (1 : 100) diluted in saline or saline alone in a volume of 2.0 ml/rat into the N.Acc. via a guide cannula using a Hamilton syringe at an infusion rate of 1.0 ml/min. These infusions were delivered over 2 min and the rats were returned to their home cages after microinjection. At 1 h after microinjection, microdialysis probes (AI-8-2; 2 mm membrane length, Eicom Co.) were slowly inserted into the N.Acc. through the guide cannulas under anesthesia with diethyl ether, and rats were awakened and placed in the Inflammation and morphine dependence M Narita et al experimental cages (width 30 cm Â depth 30 cm Â height 30 cm). The probes were perfused continuously at a flow rate of 2.0 ml/min with artificial cerebrospinal fluid (aCSF) containing 147.0 mM NaCl, 4.0 mM KCl, and 2.3 mM CaCl 2 (pH 5.4). Outflow fractions were taken every 20 min. After three baseline fractions were collected, rats were treated with i.p. injection of morphine (8 mg/kg) or saline (1 ml/kg). For these experiments, dialysis samples were collected for 200 min after treatment with morphine or saline. Dialysis fractions were then analyzed using HPLC (Eicom Co.) with an ECD (Eicom Co.) system. The animals were killed by decapitation under sodium pentobarbital anesthesia at the end of the experiments. The brains were removed and the localization of the probes was confirmed by staining with Cresyl Violet.
Quantification of Dopamine and Its Major Metabolites
DA was separated by a column with a mobile phase containing sodium acetate (3.95 g/l), citric acid monohydrate (7.18 g/l), sodium 1-octane sulfonate (140 mg/l), EDTA (2 Na; 5 mg/l), and 17% methanol. The mobile phase was delivered at a flow rate of 0.21 ml/min. DA, DOPAC, and HVA were identified according to the retention times of the standard, and amounts were quantified by calculating peak heights.
Drugs
The drugs used in the present study were formaldehyde solution (Wako Pure Chemical Ind., Ltd, Osaka, Japan), morphine hydrochloride (Sankyo Co., Tokyo, Japan), and dynorphin A antibody (1-17) (Phoenix Pharmaceuticals, Inc., Mountain View, CA, USA). The specificity of this antisera has been determined by radioimmunoassay or ELISA. Briefly, this antibody did not show any crossreactivities with endomorphin-1, endomorphin-2, Met-enkephalin, Leu-enkephalin-Lys, b-endorphin or bneoendorphin . Nor-BNI was synthesized by Dr Nagase (Toray Ind., Ltd, Kanagawa, Japan). All drugs were dissolved in sterile saline.
Statistical Analysis
Baseline microdialysis data were calculated as concentrations in the dialysates. Other microdialysis data were expressed as percentages of the corresponding baseline level. The data are expressed as the mean with SEM. The statistical analyses were performed using one-way and twoway analyses of variance with the Bonferroni/Dunn test.
RESULTS
The formalin-treated paws remained significantly swollen for 11 days (F(1,10) ¼ 511.54, po0.001, Figure 1a) . Furthermore, mechanical hyperalgesia in the formalin-treated paw persisted for 9 days after formalin injection (F(1,16) ¼ 14.94, po0.01, Figure 1b) . The time course of swelling paralleled that of the paw withdrawal threshold.
Under these conditions, we investigated whether the inflammatory pain-like state following formalin injection could affect the rewarding effect produced by morphine.
The i.p. injection of morphine produced a dose-related place preference in rats that had been treated with vehicle into the hind paw (F(3,30) ¼ 5.89, po0.01, Figure 2a ). This effect was significantly suppressed under the inflammatory pain-like state following formalin injection (F(1,15) ¼ 5.11, po0.05, Figure 2a ). In contrast, s.c. pretreatment with nor-BNI (5 mg/kg) dramatically reversed the suppression of the morphine (8 mg/kg)-induced place preference in rats that had been treated with formalin (F(1,14) ¼ 4.89, po0.05, Figure 2b ).
Since it is generally accepted that activation of the mesolimbic DAergic system is critically linked to the expression of the rewarding effect of morphine, we next investigated whether the suppression of the rewarding effect induced by morphine in rats treated with formalin could result from the changes in DA turnover in the limbic forebrain region including the N.Acc. The contents of DA and its metabolites in the rat limbic forebrain and striatum are shown in Table 1 . None of the vehicle-or formalintreated rat brain tissues exhibited a significant difference in the contents of DA and its metabolites. The DA turnover in the limbic forebrain and striatum was significantly increased by i.p. injection of morphine (limbic forebrain; F(1,10) ¼ 132.77, po0.001, striatum; F(1,10) ¼ 158.45, po0.001, Figure 3a , b). The morphine-induced increase in DA turnover in the limbic forebrain region, but not the striatum, was significantly suppressed in formalin-treated rats (limbic forebrain; F(1,10) ¼ 5.50, po0.05, striatum; F(1,10) ¼ 0.09, NS, Figure 3a, b) . Interestingly, this Figure 1 Time-course change in paw thickness (a) and withdrawal threshold (b) after the injection of formalin. Formalin-treated paws remained significantly swollen for 11 days. Furthermore, the pressure threshold in formalin-treated paws was markedly attenuated for 9 days. Each point represents the mean with SEM for 6 to 12 rats. **po0.01, ***po0.001 vs vehicle-treated group.
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We next demonstrated using in vivo microdialysis studies whether the k-opioidergic system was responsible for suppression of the morphine-induced activation of mesolimbic DA neurons under an inflammatory pain-like state. Figure 4 shows the placement of microdialysis probes within the N.Acc. Regions that contained probes were localized in the N.Acc. Only data from rats in which probes had been accurately inserted in the N.Acc. were used for subsequent statistical analysis. There were no differences in levels of DA, DOPAC, and HVA among the groups ( Table 2) Figure 5 ).
The i.p. injection of morphine also produced a significant increase in the major DA metabolites DOPAC (Vehicle/ Saline/Saline group vs Vehicle/Saline/Morphine group, F(1,84) ¼ 41.69, po0.001, Figure 6a ) and HVA (Vehicle/ Saline/Saline group vs Vehicle/Saline/Morphine group, F(1,94) ¼ 93.79, po0.001, Figure 6b ) in the vehicle-treated group. In contrast, these effects were significantly attenuated in rats that had been treated with formalin (DOPAC; Vehicle/Saline/Morphine group vs Formalin/Saline/ Each value represents the mean with SEM of 6 to 8 rats.
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DISCUSSION
Many studies have pointed to the mesolimbic DAergic system, projecting from the VTA of the midbrain to the N.Acc., as the critical substrate of the rewarding effect of morphine (Koob, 1992; Nestler, 1996; Narita et al, 2001) . m-Opioid receptor agonists have been shown to increase DAergic signals in the N.Acc. via the activation of DA cells in the VTA, an area that possesses high densities of m-opioid receptors (Garzon and Pickel, 2001 ). We reported previously that the enhancement of DA turnover in the mesolimbic forebrain area containing the N.Acc. induced by morphine was associated with the expression of a rewarding effect by morphine Narita et al, 2001) . In the present study, we found that the injection of formalin into the plantar surface of the hind paw suppressed both the rewarding effect and activation of the mesolimbic DA system induced by morphine in rats. These results suggest that the mesolimbic DA system may not be facilitated by m-opioid receptor agonists under an inflammatory pain-like state. Each value represents the mean with SEM of 6 to 8 rats.
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In a previous study, we observed that intra-VTA microinjection of the selective m-opioid receptor agonist ]enkephalin (DAMGO) produced a significant decrease in the extracellular g-amino butyric acid (GABA) level in the VTA, indicating that disinhibition may be the key role of m-opioid receptor-mediated function in the VTA. This contention can be supported by the finding that morphine and DAMGO each inhibits the firing frequency of non-DA cells in the VTA (Johnson and North, 1992; Bonci and Williams, 1997) . These findings strongly suggest that the activation of m-opioid receptor in the VTA may facilitate the mesolimbic DA system through the inhibition of GABAergic neurotransmission in the VTA, resulting in the induction of a rewarding effect induced by m-opioid receptor agonists. Considering this background, we first hypothesized that either GABAergic or m-opioidergic systems in the VTA could be altered by formalin injection. However, this is not a major effect, since the baseline levels of DA and its metabolites in the N.Acc. were not affected at all under an inflammatory pain-like state. These findings support the idea that other modulatory systems linked to the mesolimbic DA system might be altered under an inflammatory pain-like state.
Several lines of evidence indicate that the k-opioidergic system negatively modulates the DA-related actions mediated by m-opioid receptors Narita et al, 1993 Narita et al, , 2001 . We found previously that pretreatment with the k-opioid receptor agonist U50,488H at a dose that alone did not produce place aversion suppressed both the place preference and the elevation of DA metabolites in the rat limbic forebrain produced by morphine Narita et al, 2001) . In addition, the increase in the extracellular level of DA produced by morphine was attenuated by the microinjection of k-opioid receptor agonist into the N.Acc., but not into the VTA (Spanagel et al, 1992) , implying that the k-opioidergic system within the N.Acc. may play an important role in the negative modulation of the mesolimbic DA-dependent motivational effect produced by m-opioid receptor agonists.
Previous studies have demonstrated that the levels of dynorphin and pre-prodynorphin mRNA in some brain regions are increased under inflammatory pain-like states induced by the injection of carrageenan and complete Freund's adjuvant (Millan et al, 1987; Dubner and Ruda, 1992) . These findings suggest that a state of chronic pain could lead to physiological changes in k-opioidergic neurotransmission in the brain. In the present study, we found that the elevation of DA turnover in the limbic forebrain induced by morphine was significantly suppressed by formalin injection and this effect was reversed by the selective k-opioid receptor antagonist nor-BNI. In addition, the suppression of the morphine-induced increase in the extracellular levels of DA, DOPAC, and HVA in the N.Acc. following formalin injection was also reversed by the microinjection of an antibody specific to dynorphin A into the N.Acc. of rats that had been treated with formalin. Dynorphin A antibody failed to affect the basal level of DA in the N.Acc. following formalin injection, implying that this antibody has a specific effect on the morphine-induced increase in the extracellular levels of DA in the N.Acc. The injection of formalin did not directly affect the basal levels of DA, DOPAC, and HVA. These results support the fascinating possibility that the mild or moderate increase in the release of dynorphin A from k-opioidergic terminals within the N.Acc. under an inflammatory pain-like state may not affect the basal state of the mesolimbic DA system. However, it may inhibit the overshooting of the mesolimbic DA system facilitated by morphine, resulting in suppression of the morphine-induced rewarding effect (Figure 7) .
Endogenous m-and k-opioidergic systems can be physiologically balanced under a normal state. After morphine treatment, m-opioidergic systems are superfluously excited, which may in turn upset the balance of the endogenous m-and k-opioidergic systems. This disruption may lead to the development of psychological dependence on morphine under a normal state. On the other hand, inflammatory pain may facilitate the endogenous k-opioidergic system within the N.Acc., leading to negative modulation of the mesolimbic DA system. Under this condition, the biased balance of endogenous m-and kopioidergic systems due to inflammation may actually be improved by morphine treatment. Therefore, psychological dependence on morphine may not be developed under an inflammatory pain-like state (Figure 8) .
In conclusion, we demonstrated here that both the rewarding effect and facilitation of the mesolimbic DA system produced by morphine were significantly suppressed in rats that had been treated with formalin. These effects were reversed by blockade of the endogenous kopioidergic system in the N.Acc. These findings raise the possibility that an inflammatory pain-like state may cause a Figure 7 A schematic drawing of the suppression of the rewarding effect produced by morphine under an inflammatory pain-like state. In a normal state, morphine produces an increase in dopamine release in the N.Acc. through disinhibition of the GABAergic system in the VTA, resulting in the expression of a rewarding effect. In contrast, the morphine-induced rewarding effect is suppressed under an inflammatory pain-like state, due to the inhibition of dopamine release at dopaminergic terminals through facilitation of the endogenous k-opioidergic system within the N.Acc. sustained facilitation of the k-opioidergic system within the N.Acc., resulting in suppression of the morphine-induced rewarding effect in rats. demonstrated that activation of the k-opioidergic system suppresses the morphine-induced rewarding effect in rodents. Thus, we propose that psychological dependence on morphine may not develop under a state of inflammatory pain due to the activation of endogenous k-opioidergic systems. Therefore, adequate treatment of patients with morphine is highly recommended for the relief of severe chronic pain.
